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Anion-exchange Synthesis of Thermoelectric Layered SnS0.1Se0.9-
xTex Nano/microstructures in Aqueous Solution; Complexity and 
Carrier Concentration.† 
Lisi Huang,a Guang Han,*a,b Bin Zhang,c and Duncan H. Gregory*d 
Nanostructured SnS0.1Se0.9-xTex (x = 0.02, 0.05, 0.08) quaternary chalcogenides have been controllably synthesised via a facile 
solution-processable anion-exchange method. All the products exist as “flower-like” architectures assembled from individual 
nano/microplates that are each hundreds of nanometers in thickness and several micrometers in lateral size. This 
morphology is essentially preserved from the original SnS starting material. Spark plasma sintering (SPS) not only 
consolidates the as-prepared powder samples, but also eliminates secondary phases, leading to pellets of phase-pure 
SnS0.1Se0.9-xTex solid solution members. The electrical conductivity of SnS0.1Se0.88Te0.02 is significantly enhanced over the Te-
free material in the low-temperature range, achieving a peak value of ≈5760 S m-1 at 373 K, which is ≈41% higher than 
SnS0.1Se0.9 at the same temperature. Also possessing a high Seebeck coefficient, SnS0.1Se0.88Te0.02 exhibits a maximum power 
factor (ca. 0.54 mW m-1 K-2) at 423 K. The thermoelectric performance of SnS0.1Se0.9-xTex has been optimised through 
modifying the Te concentration, leading to a peak ZT of ≈0.43 for SnS0.1Se0.88Te0.02 at 773 K. This robust, scalable and 
surfactant-free approach paves the way to engineer increasingly complex (in this case, quaternary) metal chalcogenides 
controllably in aqueous solution.
Introduction 
Renewable energy technologies play a vital part in addressing 
the over-consumption of fossil fuels and ever-increasing global 
energy demands.1-5 Thermoelectrics, which enable direct and 
reversible conversion between thermal energy and electricity 
are perceived as potentially transformational in power 
generation and refrigeration. The energy conversion efficiency 
of a thermoelectric material is evaluated by its dimensionless 
figure of merit, ZT = Ѕ2σT/κ, where Ѕ is the Seebeck coefficient, 
σ the electrical conductivity, Ѕ2σ the power factor, κ the thermal 
conductivity and T the absolute temperature.6-9 An excellent 
thermoelectric material should possess large Seebeck 
coefficient, high electrical conductivity and low thermal 
conductivity. Unfortunately, these parameters are correlated 
and extremely difficult to decouple, thus leading to palpable 
limits in ZT. To date, intensive efforts have been made to 
improve ZT through enhancement of the power factor (Ѕ2σ) via 
energy filtering,10, 11 electronic band convergence12 and carrier 
concentration optimisation.13-17 Alternatively attempts have 
been made to reduce thermal conductivity by 
nanostructuring18-21 and by incorporation of nanoscale 
inclusions/precipitates22-25 that introduce high-density 
interfaces, acting as phonon scattering centres. 
Among emerging thermoelectric materials, lead-free binary tin 
chalcogenides (i.e., SnS, SnSe and SnTe) have proved to be 
promising candidates which also have the benefit of containing 
Earth-abundant and eco-friendly elements.26-35 Recently, single 
crystalline SnSe has yielded record high ZT values of 2.6 and 2.3 
at 923 K along the b- and c-axis, respectively, benefitting from 
the low values of κ that can be ascribed to anharmonic 
bonding.26 In fact, the thermal transport properties of SnSe are 
subtle and complex and may also depend on the defect and 
surface chemistry of the single crystals.4, 36, 37Although some 
aspects of the thermal conducting behaviour of single-
crystalline SnSe continue to benefit from further investigation,38 
the material undeniably forms the basis of systems for high-
efficiency thermoelectric applications. 4, 32, 35 Hole doping can 
lead to multiple contributions to the valence band. The 
improved electrical conductivity and significantly enhanced 
values for the Seebeck coefficient can afford an exceptional 
device ZT of 1.34 (300 - 773 K).30 Combining band engineering 
and point defect phonon scattering approaches generates ultra-
high power factors and much-reduced thermal conductivity in 
single crystals with a composition of Sn0.97Na0.03Se0.9S0.1; an 
extraordinary average ZT of ≈1.6 can be achieved between 300 
- 923 K.39 However, applications of single crystals based on SnSe 
could be restricted by relatively poor mechanical properties. 
Polycrystalline materials could overcome such restrictions but 
unfortunately offer inferior ZT values, primarily originating from 
lesser electrical performance.40 Various strategies to improve 
a. College of Materials Science and Engineering, Chongqing University, Chongqing 
400044, China; *Email: guang.han@cqu.edu.cn 
b. Key Laboratory of Low-grade Energy Utilization Technologies and Systems, 
Ministry of Education, Chongqing University, Chongqing 400044, China 
c. Analytical and Testing Centre, Chongqing University, Chongqing 401331, China 
d. WestCHEM, School of Chemistry, University of Glasgow, Glasgow, G12 8QQ, UK; 
*Email: Duncan.Gregory@glasgow.ac.uk 
† Electronic Supplementary Information (ESI) available. See 
DOI: 10.1039/x0xx00000x 
Page 1 of 9 Journal of Materials Chemistry C
Jo
ur
na
lo
fM
at
er
ia
ls
C
he
m
is
tr
y
C
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
23
 M
ay
 2
01
9.
 D
ow
nl
oa
de
d 
by
 U
ni
ve
rs
ity
 o
f G
la
sg
ow
 L
ib
ra
ry
 o
n 
5/
28
/2
01
9 
11
:4
3:
36
 A
M
. 
View Article Online
DOI: 10.1039/C9TC01994D
ARTICLE Journal Name 
2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
electrical conductivity and/or reduce lattice thermal 
conductivity have been successfully employed, such as doping 
(e.g. alkali metals,41-44 Ag,17, 45 Cu,46 Bi13), forming solid 
solutions,47, 48 and introducing precipitated phases.23 However, 
the associated high-temperature syntheses of polycrystalline 
SnSe are energy-intensive and time-consuming. In contrast, if 
they can be successfully implemented, bottom-up wet-chemical 
methods would permit precise control over size, shape, 
structure and composition and additionally bring benefits of 
energy-efficiency and reduction of cost.8, 49 For example, 
colloidal methods can efficiently produce nanocrystals with 
small size, tuneable morphology and uniform dispersion,50 
although such nanocrystals are often coated with residual 
insulating organic species, resulting in poor electrical 
conductivity.51 Accordingly, organic-free solution routes can 
engineer products with impurity-free surfaces, achieving 
excellent electrical transport properties.52, 53 
Metal chalcogenide quaternary systems have demonstrated 
excellent combinations of electrical and thermal properties. To 
date, there are limited reports on quaternary thermoelectric 
chalcogenide systems (e.g. Bi2Te2.7-xSe0.3Sx,54 Cu2-
yS1/3Se1/3Te1/355 and PbTe-PbSe-PbS56, 57) and these compounds 
have been commonly prepared by high-temperature methods. 
In contrast, synthesising quaternary compounds in solution can 
be rather challenging and a level of difficulty greater than 
synthesising binary and ternary chalcogenides. To the best of 
our knowledge, there are no reports on the synthesis and 
thermoelectric performance of tin chalcogenides in the pseudo-
quaternary Sn-S-Se-Te system. In this study, building on the 
success of synthesising ternary Sn-S-Se compounds in 
solution,58 we have successfully synthesised a series of 
compositionally-modulated quaternary SnS0.1Se0.9-xTex (x = 0.02, 
0.05, 0.08) compounds via anion-exchange in aqueous solution 
using SnS nano/micro-plates as templates. Previous 
investigations indicate that substitution of Te in SnSe1-xTex not 
only produces more Sn vacancies, leading to enhanced carrier 
concentration, but also diminishes lattice thermal conductivity 
significantly with increasing Te substitution level when x < 0.1. 
59 Therefore, we considered that if Te could be successfully 
substituted in SnS0.1Se0.9 (where the original Hall carrier 
concentration is of the order of 1018 cm-3 and lower than the 
optimal carrier concentration in SnSe)58 then its electrical 
performance could be enhanced, and its lattice thermal 
conductivity might be further reduced. In fact, our studies show 
that the synthesised quaternary tin chalcogenide 
nano/microstructures can be consolidated into textured pellets 
with enhanced electrical conductivity and power factors over 
the low-temperature range when compared to Te-free 
SnS0.1Se0.9. 
Experimental 
Materials Synthesis. NaOH (Aladdin, 97%), SnCl2·2H2O (Aladdin, 
99.99%), Na2S·9H2O (Aladdin, 99.99%), Te powder (Aladdin, 
99.99%) and NaBH4 (Alfa, 98%) were used without further 
purification. The first step in the synthesis leads to the 
formation of SnS nano/micro-plates. 50 ml of Na2SnO2 aqueous 
solution was prepared at room temperature (according to our 
previous report)58 and heated to its boiling temperature using 
an oil bath. 40 ml of Na2S(aq) (0.5 mol L-1) was injected into the 
Na2SnO2 solution that was further boiled for 2 h, producing SnS 
plates. For the synthesis of SnS0.1Se0.9-xTex (x = 0.02, 0.05, 0.08), 
5 ml of freshly prepared NaHTe(aq) (0.04, 0.1, 0.16 mol L-1) (the 
preparation procedure of NaHTe(aq) can be found in a previous 
report53) was promptly injected into the SnS suspension that 
was boiled for a further 1.5 h. 40 ml of freshly prepared 
NaHSe(aq) (0.25 mol L-1) was subsequently swiftly injected into 
the above suspension, which was boiled for 2 h before cooling 
to room temperature. Heating and cooling of the solution were 
performed under the protection of Ar gas (Wangmiao, 99.999%). 
The products were cleaned with deionised water and ethanol 
and dried under vacuum at 60 ºC for 12 h. The synthesised 
samples were loaded in glass vessels and stored in an Ar-filled 
DELLIX glovebox (< 0.1 ppm H2O, < 0.1 ppm O2) to avoid 
oxidation. Scaled-up syntheses of SnS0.1Se0.9-xTex were 
performed with 3.5-fold increases in the amount of the 
precursors. SnS0.1Se0.9-xTex powders were spark plasma sintered 
(SPS) at 500 °C for 5 min into dense pellets under vacuum and a 
uniaxial pressure of 60 MPa. The SPS process resulted in a series 
of SnS0.1Se0.9-xTex cylinders with densities of ca. 6.06 - 6.09 g cm-
3. 
Materials Characterisation. Powder X-ray diffraction (XRD) 
analysis of the powder samples was performed using 
PANalytical X’pert and Rigaku D/max 2500PC diffractometers 
(both with Cu Kα radiation). Rietveld refinement against XRD 
data was performed using the GSAS and EXPGUI software 
packages.60, 61 The degree of crystal plane orientation was also 
estimated by the Lotgering method62 in order to evaluate the 
extent of texturing in the pellets directly. The orientation 
degree (F) of the (h00) planes was calculated by F = (P-P0)/(1-
P0), where P0 = I0(h00)/ΣI0(hkl), P = I(h00)/ΣI(hkl) and I0 and I are 
the integrated peak intensities of a randomly orientated sample 
and the measured sample, respectively. Scanning electron 
microscopy (JEOL JSM-7800F microscope) and associated 
energy dispersive X-ray spectroscopy (EDS) (80 mm2 X-Max, 
Oxford Instruments) experiments were performed for imaging 
(5 kV incident beam) and elemental analysis (20 kV incident 
beam) respectively. Transmission electron microscopy (TEM, 
FEI Talos F200S G2 equipped with Super-X windowless EDS 
detector, operated at 200 kV) experiments were performed for 
further imaging, elemental analysis and selected area electron 
diffraction (SAED). 
Performance Evaluation. The electrical and thermal properties 
were both measured on pellets perpendicular to the pressing 
direction. Both electrical conductivity (σ) and Seebeck 
coefficient (S) of the pellets were measured using a Linseis LSR-
3 instrument from 323 - 773 K. The total thermal conductivity 
(κtotal) was calculated from the expression κtotal = DCpρ (where D, 
Cp and ρ are the thermal diffusivity, specific heat capacity and 
density, respectively). The thermal diffusivity, D for the 
SnS0.1Se0.9-xTeX pellets was measured using a Netzsch LFA 457 
instrument from 323 - 773 K; the specific heat capacity, Cp of 
SnS0.1Se0.9-xTex was calculated from the weighted average of the 
reported Cp values of SnS,27 SnSe26 and SnTe33; the density, ρ of 
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SnS0.1Se0.9-xTex was measured by the Archimedes method. The 
electronic thermal conductivity (κe) was estimated from the 
Wiedemann-Franz law (κe = LσT, where L is the Lorentz number, 
and a value of L = 1.5x10-8 V2 K-2 was used in this study26). The 
lattice thermal conductivity (κL) was obtained by subtracting κe 
from κtotal. The figure of merit, ZT, was calculated according to 
ZT = S2σT/κ. Hall measurements were performed under an 
applied magnetic field of ±1 T using a Hall apparatus built in-
house. 
Results and discussion 
We employed a stepwise anion-exchange method to engineer 
quaternary SnS0.1Se0.9-xTex compounds (x = 0.02, 0.05, 0.08) by 
successively injecting appropriate amounts of NaHTe and 
NaHSe aqueous solutions into a SnS suspension and boiling for 
ca. 1.5 - 2 h after each mixing process. The anion exchange is 
enabled by the discrepant solubility of different tin 
chalcogenides (i.e., Ksp(SnS) > Ksp(SnSe) > Ksp(SnTe); Ksp is the 
solubility product).63 Figure 1a shows the XRD patterns from 
samples of as-synthesised SnS0.1Se0.9-xTex (x = 0.02, 0.05, 0.08). 
The majority of the diffraction peaks for all the samples can be 
indexed to an SnSe-type phase in orthorhombic space group 
Pnma (JCPDS No. 48-1224). An almost negligible amount of SnS 
(JCPDS No. 73-1859) phase (denoted as open red diamonds in 
Figure 1a) is observed in all the powder samples, which is 
consistent with our previous study.58 When x reaches a value of 
0.08, reflections corresponding to SnTe (JCPDS No. 46-1210; 
labelled by blue triangles in Figure 1a) become evident in the 
diffraction patterns. Figure 1b provides a magnified view of the 
region of the diffraction patterns containing the (111) and (400) 
Bragg peaks from the SnSe-type phase. Both peaks apparently 
shift to lower angles with increasing Te concentration as 
compared to those of SnS0.1Se0.9. This is consistent with the 
larger ionic radius of Te2- (2.07 Å) over Se2- (1.84 Å)64 and an 
expansion of the orthorhombic unit cell as Te replaces Se. 
 
Figure 1. (a) XRD patterns for SnS0.1Se0.9-xTex samples with x = 0.02, 0.05, 0.08 as 
compared to that of SnS0.1Se0.9; (b) enlarged (111) and (400) diffraction peaks in 
the range 30 ≤ 2θ/° ≤ 32. The dashed lines indicate the (111) and (400) Bragg 
reflections of SnS0.1Se0.9. The (hkl) indices correspond to the SnSe phase. 
The low- and high-magnification SEM images for all the samples 
are displayed in Figure 2a-f. SEM images indicate that all the 
products are assembled as “flower-like” nano/microstructures, 
composed of a number of nano/micro-plates, which are very 
similar to the morphology we previously observed for SnS0.1Se0.9 
and SnS prepared by similar methods.58 For x = 0.02, it can be 
seen that these architectures consist of plates with thicknesses 
of ca. 100 nm - 2 μm and lateral dimensions of ca. 1.5 - 7 μm. As 
the Te concentration increases the morphology of the samples 
begins to change such that by x = 0.08 the plates become more 
fragmented and typically measure ca. 0.4 - 6 μm across. EDS 
spectra (typical ones are shown in Figure 2g-i) confirm that the 
average chemical formulae can be approximated as 
SnS0.11Se0.88Te0.01, SnS0.10Se0.86Te0.04 and SnS0.09Se0.84Te0.07 (with 
estimated errors of approximately 6% for each element) for the 
samples with x = 0.02, 0.05 and 0.08, respectively, which are 
close to the intended (nominal) compositions for the 
quaternary chalcogenides. 
 
Figure 2. (a-c) Low-magnification SEM images, (d-f) high-magnification SEM 
images and (g-i) EDS spectra for SnS0.1Se0.9-xTex samples with x = 0.02, 0.05, 0.08, 
respectively (See also ESI, Figure S1 for further information). 
Figure 3a shows a TEM image of an isolated plate of 
SnS0.1Se0.88Te0.02. Its SAED pattern along the [100] zone axis is 
displayed in Figure 3b, indicating the single crystallinity of the 
plate. A high-resolution transmission electron microscopy 
(HRTEM) image of the plate (Figure 3c) demonstrates a series of 
d-spacings of 2.9 Å with an intersection angle of 93⁰ which 
correspond to the {011} planes of SnS0.1Se0.88Te0.02. From a 
comparison with our previous work on SnS0.1Se0.9,58 it is evident 
that the crystal structure is effectively unaltered during the 
anion-exchange process. Figure 3d depicts the high angle 
annular dark field-scanning transmission electron microscopy 
(HAADF-STEM) image and corresponding elemental mapping 
results from SnS0.1Se0.88Te0.02, indicating slight enrichment of S 
in the centre of plate. Our previous investigations demonstrate 
that SnS plates can access Se2- from both the faces and edges, 
which results in nanoplates that are richer in S at the plate 
centre.58 An analogous process with Te2- and Se2- occurs in this 
present study. EDS element maps were also collected from the 
SnS0.1Se0.82Te0.08 sample to verify the nature of the 
nanoparticles formed. These show that when the added 
concentration of Te2- is at its highest, then there are two types 
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of nanoparticles present in addition to the majority 
SnS0.1Se0.82Te0.08 nanosheets; these are either SnTe@Se core-
shell structures (Figure S2) or nanoparticles of elemental Se 
(Figure S3). As NaHSe solution was injected, it can be deduced 
that the excess NaHSe was partially oxidised and coated the 
SnTe particles that had already crystallised from solution. 
Further work is being performed to understand the exact 
mechanism of this process such that Se can be coated on the 
SnTe particles controllably to synthesise core-shell particles of 
predetermined dimensions. It is interesting to note that no 
diffraction peak of Se is observed in the XRD pattern of 
SnS0.1Se0.82Te0.08 sample, indicating that the Se that is formed 
and observed by TEM is amorphous and/or is present at very 
low levels. 
 
Figure 3. (a) TEM image of a SnS0.1Se0.88Te0.02 plate; (b) its corresponding SAED 
pattern along the [100] zone axis; (c) HRTEM image; (d) HAADF-STEM image and 
corresponding element maps for Sn, S, Se, Te, respectively. 
The scaled-up variant of the synthesis can yield more than 6 g 
of quaternary chalcogenide powders, which were prepared as 
dense pellets via spark plasma sintering (SPS) for performance 
evaluation. In view of the anisotropy of the crystal structure, 
XRD patterns for the SPS-treated SnS0.1Se0.9-xTex pellets with x = 
0.02, 0.05 and 0.08 (denoted “SPS-SnS0.1Se0.9-xTex”) were 
collected parallel and perpendicular to the pressing direction, 
respectively, as shown in Figure 4. It is clear that all the 
diffraction peaks can be exclusively indexed to the Pnma 
structure of SnSe (JCPDS No. 48-1224) with no indication of any 
impurity peaks (e.g. SnS, SnTe, Se) for any of the pellets. The 
intensities of the (400) diffraction peak in all of the XRD patterns 
collected perpendicular to the pressing direction (Figure 4b) are 
significantly enhanced, indicating strong preferred orientation 
in the pellets. The degree of texturing for the pellets, which is 
intimately related to the orientation degree (F) of the (400) 
plane, was estimated from the XRD patterns (Figure 4b) by 
applying the Lotgering method.62 The calculated value of F is 
0.46, 0.41 and 0.37 for the x = 0.02, 0.05 and 0.08 pellets, 
respectively. Each of the lattice parameters, a, b and c (and 
therefore the unit cell volumes) of the SnS0.1Se0.9-xTex pellets 
increase almost linearly with increasing Te concentration (x), 
broadly following Vegard’s Law as might be expected as larger 
Te2- replaces Se2-(Figure S4). 
 
Figure 4. XRD patterns for SPS-SnS0.1Se0.9-xTex pellets with x = 0.02, 0.05, 0.08 
measured (a) parallel and (b) perpendicular to the pressing direction, respectively. 
Figure 5a-c and 5d-f depict SEM images for SPS-SnS0.1Se0.9-xTex 
samples (x = 0.02, 0.05, 0.08) along the perpendicular and 
parallel directions respectively to pressing. The microstructures, 
consisting of microplates, are dense for all the samples. 
Additionally, a large percentage of plates show a nearly parallel 
arrangement to the pellet surface (Figure 5d-f), which coincides 
with the anisotropy in the microstructure demonstrated by XRD 
results. Typical EDS spectra for all the SPS samples are shown in 
Figure 5g-i. The average chemical formulae are approximately 
SnS0.11Se0.87Te0.02, SnS0.11Se0.85Te0.04 and SnS0.11Se0.82Te0.07 for 
the pellets with x = 0.02, 0.05 and 0.08, respectively, indicating 
that the atomic ratios are essentially unchanged after the SPS 
process. Moreover, in some contrast to the heterogeneity in the 
element distribution seen in the pre-sintered nanoplates 
(Figure 3d, S2), each of the constituent elements (and notably 
the chalcogens) are more uniformly distributed in SPS-
SnS0.1Se0.88Te0.02 (Figures 6, S6) and SPS-SnS0.1Se0.82Te0.08 (Figure 
S7, S8). This observation would lend weight to the premise that 
the elevated temperature and pressure of the SPS process 
promotes the re-distribution of chalcogens and facilitates the 
formation of each of the quaternary solid solution members 
across the entire volume of each of the pellets. 
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Figure 5. Cross-sectional SEM images taken from fractured pellets along directions 
(a-c) perpendicular and (d-f) parallel to pressing and (g-i) EDS spectra for SPS-
SnS0.1Se0.9-xTex samples with x = 0.02, 0.05, 0.08, respectively (collected from 
sections perpendicular to pressing; the SEM images revealing the positions from 
which EDS spectra were collected are given in Figure S5). 
Electrical and thermal transport measurements were taken 
perpendicular to the pressing direction, as shown in Figure 7. 
The thermoelectric performance of a SnS0.1Se0.9 pellet58 with a 
very similar degree of texturing (preferred orientation of the 
(400) plane) to the SnS0.1Se0.9-xTex samples is also included for 
comparison in order to understand the influence of replacing Se 
by Te on the thermoelectric performance (while simultaneously 
excluding the influence of texturing).65-67 Figure 7a presents 
plots of the electrical conductivity (σ) as a function of 
temperature for all the samples. For SPS-SnS0.1Se0.9-xTex (x = 0.02, 
0.05) samples, initially (below 450 K), σ increases with 
increasing temperature, conforming to the expected 
semiconducting behaviour. Subsequently the conductivity 
decreases until approximately 673 K, which is more indicative of 
metallic behaviour. Finally σ begins to increase again (until the 
maximum measurement temperature) which could be 
attributed to the thermal activation of minority carriers.68 For x 
= 0.08, however, the behaviour is very different, with σ first 
declining up to 623 K then increasing at higher temperatures. 
Interestingly, at 323 K, all the SPS-SnS0.1Se0.9-xTex samples 
possess a higher electrical conductivity than SnS0.1Se0.9 (σ323 K ≈ 
3030 S m-1, 5030 S m-1, 3930 S m-1 and 4140 S m-1 for x = 0, 0.02, 
0.05 and 0.08 samples, respectively). This behaviour might be 
rationalised in terms of the carrier concentration (nH) which 
could increase with increasing Sn deficiency. One would also 
expect the Fermi level to move towards the valence band as Te 
substitutes for Se.59 Indeed, from Hall measurements, the Te-
substituted samples reveal enhanced values of nH, as shown in 
Table 1. The electrical conductivity in the lower temperature 
regime peaks for SnS0.1Se0.88Te0.02, achieve the highest value of 
σ at 373 K (ca. 5760 S m-1), which is approximately 41% higher 
than the electrical conductivity of SnS0.1Se0.9 at the same 
temperature. It is interesting to note that the carrier mobility 
(μH) for Te-containing samples decreases compared to that for 
SnS0.1Se0.9, which could be related to additional carrier 
scattering effects in the Te-substituted samples. Reduced 
carrier mobility is also observed when Te is substituted for Se in 
SnSe1-xTex59 and further investigation will be required to clarify 
the origin of this scattering in Te-containing materials. 
 
Figure 6. Characterisation of a SPS-SnS0.1Se0.88Te0.02 pellet: (a) HAADF-STEM image 
and (b-e) corresponding element maps for Sn, S, Se and Te, respectively. 
Figure 7b displays the temperature-dependent values of the 
Seebeck coefficient (S). For all the samples, positive values of S 
demonstrate p-type conductive behaviour. These values 
increase up to ca. 623-673 K and then subsequently decrease 
with further increasing temperature owing to the bipolar 
effect.59 Compared with SnS0.1Se0.9, a larger Seebeck coefficient 
is obtained for the x = 0.05 sample over the entire temperature 
range, while, for x = 0.02 and 0.08, S is higher than the x = 0 
materials above ca. 623 K and ca. 523 K, respectively. Notably, 
the maximum in S increases from approx. 400 μV K-1 for 
SnS0.1Se0.9 to approx. 430 μV K-1 for SnS0.1Se0.85Te0.05. The 
corresponding temperature dependence of the power factors 
(PFs) for all the samples is shown in Figure 7c. For x = 0.02, the 
PF exceeds that of SnS0.1Se0.9 below 473 K, (peaking at ca. ≈0.54 
mW m-1 K-2 at 423 K, while Sn0.99Na0.01Se0.84Te0.16 only achieves 
PF ≈ 0.33 mW m-1 K-2 at the same temperature).69 Whereas the 
PFs for x = 0.05 and 0.08 surpass that of SnS0.1Se0.9 slightly above 
ambient temperature (< 370 K), the values do not compare 
favourably as the temperature increases further. 
Considering the thermal properties, the total thermal 
conductivity (κtotal) is plotted as a function of temperature in 
Figure 7d. The corresponding lattice thermal conductivity (κL) is 
shown in Figure 7e and exhibits much the same temperature-
dependence as κtotal. Increasing the Te concentration only 
marginally decreases the κL in the SPS-SnS0.1Se0.9-xTex materials 
as compared to SnS0.1Se0.9. κL is related to Umklapp, grain 
boundary and defect scattering.69, 70 Considering the similar 
grain sizes of all the samples, it is not perhaps surprising that 
grain boundary scattering effects should be very similar. 
Replacement of Se by Te introduces point defect scattering 
consistent with the different ionic radii of Se2- and Te2-.70 
However, previous reports have suggested that introduction of 
Te may moderate Umklapp scattering, resulting from a 
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weakening of the anharmonic bonding and a variation in the 
bonding instability in Te-substituted SnSe.59 In light of these 
likely competing influences on the phonon scattering, Te 
replacement leads to only a slight reduction of κL. The lowest 
total thermal conductivity (κtotal ≈ 0.67 W m-1 K-1) exists for SPS- 
SnS0.1Se0.82Te0.08 at 773 K. Previous investigations of the SnSe1-
xTex system have suggested that at Te substitution levels below 
10% (x < 0.1 in SnSe1-xTex), κL decreases as more Te is substituted, 
whereas for 0.1 ≤ x ≤ 0.2 the reduction in κL is insignificant. 59,69 
In light of these previous reports, it is of interest to note that 
κtotal and κL for SnS0.1Se0.9-xTex samples with (S+Te) atomic 
concentration of 12-18% are only marginally less between ca. 
323-423 K than SnS0.1Se0.9 itself (Figure 7d,e). 
The corresponding temperature variation in the figure of merit, 
ZT is displayed in Figure 7f. The ZT values for all the samples rise 
with increasing temperature. With the contribution of higher σ 
(and PFs), SnS0.1Se0.9-xTex possess higher ZT values when 
compared to SnS0.1Se0.9, (ZT ≈ 0.09 for all x > 0 at 323 K, 
representing a ≈ 50% enhancement over SnS0.1Se0.9). At lower 
temperatures, it is thus possible to maximise the thermoelectric 
performance of SnS0.1Se0.9-xTex by substituting a small amount 
(≈ 2%) of Te for Se (giving ZT ≈ 0.43 at 773 K for x = 0.02). 
Considering that the solubility product, Ksp, values of metal 
chalcogenides generally increase with decreasing chalcogenide 
anionic radius (Ksp(MxTey) < Ksp(MxSey) < Ksp(MxSy); M denotes a 
given metal),63 the anion-exchange approach demonstrated in 
this study could be extended to the synthesis of other 
quaternary metal chalcogenides (including Cu- and Pb-based 
systems, for example) in order to tune their electrical and 
thermal properties and therefore enhance their thermoelectric 
performance. 
Table 1. Hall carrier concentration (nH) and carrier mobility (μH) at room 
temperature of the SPS-SnS0.1Se0.9-xTex (x = 0.02, 0.05, 0.08) pellets. 
Pellets nH 
[1018 cm-3] 
μH 
[cm2 V-1 s-1] 
References 
SnS0.1Se0.9 2.6 65.0 [58] 
SnS0.1Se0.88Te0.02 11.1 26.7 This work 
SnS0.1Se0.85Te0.05 8.5 29.1 This work 
SnS0.1Se0.82Te0.08 10.3 25.5 This work 
 
 
Figure 7. Temperature dependence of (a) electrical conductivity, (b) Seebeck 
coefficient, (c) power factor, (d) total thermal conductivity, (e) lattice thermal 
conductivity and (f) ZT for SnS0.1Se0.9-xTex samples with x = 0.02 (red triangles), 0.05 
(blue triangles), 0.08 (magenta circles) measured perpendicular to the pressing 
direction. Data for the Te-containing samples are compared with those for 
SnS0.1Se0.9 from ref. 58. 
Conclusions 
In summary, we employed a facile and versatile, organic-free 
anion-exchange method in the synthesis of layered SnS0.1Se0.9-
xTex quaternary chalcogenides with modulated Te compositions 
of x = 0.02, 0.05 and 0.08. All the samples reveal a “flower-like” 
morphology in which the micron-sized flowers are constructed 
from the intricate arrangement of individual nano/micro-plates. 
Increased carrier concentration is responsible for the 
remarkable improvement in the electrical conductivity of the p-
type Te-substituted chalcogenides in the low-temperature 
regime. The highest electrical conductivity of ca. 5760 S m-1 at 
373 K and the maximum power factor of ca. 0.54 mW m-1 K-2 at 
423 K are achieved for the x = 0.02 sample. Tuning the Te 
concentration proves to be a very effective route to optimise 
the thermoelectric performance of quaternary chalcogenides. 
and a maximum value of ZT can be achieved by introducing 2% 
of Te into SnS0.1Se0.9 (ZT ≈ 0.43 at 773 K for SnS0.1Se0.88Te0.02). 
The success of this strategy suggests a broader opportunity to 
synthesise complex multinary chalcogenide thermoelectrics 
with precise compositional and microstructural control. 
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Moreover, such materials can be produced in aqueous solution 
via a simple scalable, organic-free process. 
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Nanostructured SnS0.1Se0.9-xTex quaternary chalcogenides have been synthesized via 
anion exchange; sintered SnS0.1Se0.88Te0.02 achieves enhanced electrical properties in the 
low-temperature range.
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